Active, high-afflinity, sodium-dependent uptake of y-aminobutyric acid and of the acidic amino acid D-aspartate was inhibited by pretreatment of synaptosomes with neuraminidase from Vibrio cholerae. Inhibition was of a noncompetitive type and was related to the amount of sialic acid released. The maximum accumulation ratios of both amino
remained largely unaltered. Treatment with neuraminidase affected neither the synaptosomal energy levels nor the concentration of internal potassium. It is suggested that the y-aminobutyric acid and acidic amino acid transporters are glycosylated and that sialic acid is involved in the operation of the carrier proteins directly and not through modification of driving forces responsible for amino acid uptake.
It has become increasingly clear that the carbohydrate conjugates with proteins and lipids are involved in a number of events that occur at the cell surface. The glycoproteins and glycolipids may influence recognition, communication, and adhesion (1) (2) (3) ; modulate the function of receptors (4-6) and of transport processes (7, 8) ; and affect antigenic activity and cell growth (2, 9) . It is also well established that Nacetylneuraminic acid (sialic acid) is one of the nine monosaccharides that form carbohydrate portions of membrane glycolipids and glycoproteins. Among the various organs of the body, brain has the highest content of sialylglycolipids and sialylglycoproteins (6, 10) . These compounds are present in both the neurons and the glia (3, 10) , and the glycoprotein fraction of the plasma membrane of synaptosomes (nerveending particles) has a high proportion of sialic acid (11) (12) (13) . These observations suggested the hypothesis that sialylglycoproteins play a regulatory role in several aspects of synaptic function (14, 15) .
The termination of neurotransmission at GABAergic (GABA, y-aminobutyric acid) and glutamatergic synapses in the mammalian central nervous system is accomplished through the reuptake of the amino acid transmitters by the high-affinity, sodium-dependent transport systems (16) (17) (18) (19) (20) (21) . The carrier molecules bind sodium and amino acids at the external surface of the plasma membrane and then transport them into the cell. One might expect, therefore, that they belong to a class of "transmembrane" proteins that span the lipid bilayer of the plasma membrane. Like many other proteins of that type, the amino acid transporters may contain sugar residues within their structure that could be important for their function. The object of this investigation was to explore this possibility using a preparation of rat brain synaptosomes that contain high-affinity transport mechanisms (19-21) for the putative amino acid neurotransmitters. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
MATERIALS AND METHODS
with or without neuraminidase were treated with an equal volume of 10% trichloroacetic acid to precipitate the protein.
After centrifugation (10 mint 8000 x g), the pellet was resuspended in 1.5 mll of 0.05 M H2SO4 and hydrolyzed for 1.5 hr at 80'C. The samples were centrifuged, and the resulting supernates were analyzed for free neuraminic acid by the method of Warren (24) . A standard of crystalline neuraminic acid (Sigma) was used as reference. The recovery of known amounts of neuraminic acid, which were added to precipitated synaptosomal protein and carried through the entire procedure, was 90 ± 4% (mean ± SEM; n = 6).
Measurements of Metabolite and Potassium Concentrations. The incubations were terminated by the addition of cold 0.6 M perchloric acid (final concentration), and the extracts were neutralized with 3 M K2CO3 in 0.5 M triethanolamine. After centrifugation, concentrations of metabolites were determined in the clear supernatant fraction by standard enzymatic procedures: ATP and creatine phosphate by the method of Lamprecht and Trautschold (25) and ADP and creatine according to Bernt et al. (26) . Intra-and extrasynaptosomal potassium was measured by atomic absorption as described (23) . Protein concentration was determined by the biuret reaction using bovine serum albumin as the standard (27) .
RESULTS
The Effect of Neuraminidase Treatment on the Synaptosomal Uptake of GAIIA and D-Aspartate. The effect of neuraminidase pretreatment on the synaptosomal uptake of GABA and D-aspartate is shown in Fig. 1 . It is well documented that GABA is transported into synaptosomes on a separate carrier protein (28) , whereas D-aspartate, anonmetabolizeable stereoisomer of aspartate (29) which is common to a number of acidic amino acids including L-glutamate (30) (31) (32) (33) (34) (35) . Preincubation of synaptosomes with increasing concentrations of neuraminidase resulted in a progressive decrease in the rate of uptake of both amino acids. The effect was significant (GABA, P < 0.02; Daspartate, P < 0.05) at the lowest amount of enzyme tested (0.00125 unit/mg of synaptosomal protein) and reached a plateau of <50% of the control value at about 0.015 unit of neuraminidase per mg of synaptosomal protein. Further increase in the concentration of the enzyme gave only a slight increase in the degree of inhibition.
In contrast to the behavior exhibited by GABA and and 807 ± 57 (mean ± SEM; n = 3), respectively. Simultaneous determinations of the internal level of potassium ions revealed no differences between the control and neuraminidase-treated preparations: 289 ± 10 versus 275 ± 15 nmol of K+ per mg of synaptosomal protein (both means + SEM; n = 3), respectively. In addition, synaptosomes incubated with the glycosidase did not differ in their content of the high-energy phosphate compounds. The values found [ATP, 4.6 ± 0.1; creatine phosphate, 6.7 ± 0.4; and creatine, 18.7 ± 0.5 nmol/mg of protein (means ± SEM; n = 3)] were, within the limits of experimental error, the same for preparations preincubated with and without neuraminidase.
The Effect of Treatment with Neuraminidase on the Kinetic Parameters of Amino Acid Uptake. To provide an insight into the mechanism of inhibition of amino acid transport caused by treatment of synaptosomes with neuraminidase, kinetic parameters of amino acid uptake were determined for the control and treated preparations. The kinetic constants were calculated from the initial rates of uptake using the doublereciprocal plot analysis (Fig. 2) . It can be seen that the general Values are means of three independent experiments with SD within 5% range.
1. When the amount of sialic acid released from synaptosomes by treatment with various concentrations of neuraminidase was plotted against the degree of inhibition of GABA and D-aspartate uptake by preparations treated with the corresponding concentrations of the enzyme straight lines shown in Fig. 4 were obtained. The linear regression analysis of these plots gave best fit to straight lines with correlation coefficients of 0.984 for GABA and 0.985 for D-aspartate.
DISCUSSION
The main finding of the present study is that incubation of nerve-ending particles (synaptosomes) from rat brain with the specific exoglycosidase neuraminidase decreases the ability of synaptosomes to take up the amino acid neurotransmitters GABA and D-aspartate through the highaffinity transport systems in parallel with the loss of mem- Neuraminidase-induced release of sialic acid from synaptosomal preparations. Synaptosomes were treated with neuraminidase as described in the legend to Fig. 1 . After being washed and suspended, the final pellet was precipitated with trichloroacetic acid and hydrolyzed in 0.05 M H2SO4. The content of sialic acid was determined by the procedure of Warren (24) . The quantity of sialic acid released was calculated by subtracting the amount found in the preparation incubated with neuraminidase from that incubated in its absence. Values presented are means ± SEM for three or four separate experiments. Neu Ac, neuraminic acid; U, unit.
brane sialic acid. The simplest explanation for this phenomenon is that both the GABA and the acidic amino acid transporters are glycosylated and that sialic acid constitutes an integral part of the transport mechanism.
It is well known that synaptosomal uptake of GABA and acidic amino acids is by a cotransport system with Na' (see refs. 17, 19, and 31 for review) and that the driving force for amino acid accumulation is provided by a combination of the transmembrane electrical potential and the sodium concentration gradient (36) (37) (38) (39) (40) . Hence, any reduction in either of the driving forces would necessarily result in a decrease in amino acid transport. However, our results show that the final maximum accumulation ratios of both GABA and aspartate (which are directly related to the magnitude of the driving forces) are largely unaffected by the treatment with neuraminidase; neither are the synaptosomal energy levels and the concentration of internal potassium. Figs. 1 and 3 were used in the analysis. The lines were fitted by the least-squares method. The data for aspartate were found to give best fit to a straight line with a slope of 2.19 and a correlation coefficient, r, of 0.985 whereas those for GABA gave a slope of 1.70 and an r of 0.984. Neu Ac, neuraminic acid.
Neurobiology: Zaleska and Erecifiska is in agreement with the earlier finding (41) that the activity of the Na/K ATPase is insensitive to neuraminidase treatment.] It seems, therefore, that inhibition of amino acid transport is a consequence of a direct effect of the loss of sialic acid on the carriers themselves and is not caused by an indirect influence of altered ionic gradients on the uptake mechanism.
Although the mechanism of inhibition of GABAo and aspartate uptake by neuraminidase treatment is not clear at the present time, some relevant speculations can be offered. It has been shown that the sialic acid residues reside at the ends of the carbohydrate side chains and hence are fully exposed to the external environment. Our results demonstrate that only the high-affinity, Na'-dependent transport of amino acids is affected by removal of the surface sialic acid whereas the uptake of leucine, which is Na' independent (42), remains unaltered. Furthermore, the Na'-dependent uptake of serotonin is also decreased by preincubation with neuraminidase (41). Therefore, it is possible that the negatively charged sialic acid residues either form a part of the binding site for Na+ or, alternatively, that they are involved in the "active" conformation of the carrier protein that binds the cation. Since for productive substrate translocation the carriers must be fully loaded, i.e., they must acquire both the amino acid and the Na' (43, 44) , those protein molecules that contain less sialic acid, and consequently bind Na' less efficiently, would be unlikely to participate in the transport cycle. Our finding that the Vmax for the amino acid transport, but not the Km, is altered by treatment with neuraminidase is consistent with this suggestion.
Finally, it should be pointed out that although our results suggest that the GABA and acidic amino acid transporters are glycoproteins, they do not prove it. The possibility remains that depletion of sialic acid residues of other membrane proteins or ofglycolipids causes structural changes in the two carrier proteins that interfere with amino acid transport. However, the observation that sialoglycoproteins of synaptic plasma membrane are more susceptible to hydrolysis with exogenous neuraminidase than the gangliosides (13) seems to suggest that the former carbohydrate conjugates play the more important role in the events described in this work.
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